Recent years have witnessed the integration of theoretical advances in population genetics with large-scale analyses of complete genomes, with a growing number of studies suggesting pervasive natural selection that includes frequent deleterious as well as adaptive mutations. In finite populations, however, mutations under selection alter the fate of genetically linked mutations (the so-called Hill-Robertson effect). Here we review the evolutionary consequences of selection at linked sites (linked selection) focusing on its effects on nearby nucleotides in genomic regions with nonreduced recombination. We argue that these local effects of linkage may account for differences in selection intensity among genes. We also show that even high levels of recombination are unlikely to remove all effects of linked selection, causing a reduction in the polymorphism to divergence ratio (r pd ) at neutral sites. Because a number of methods employed to estimate the magnitude and frequency of adaptive mutations take reduced r pd as evidence of positive selection, ignoring local linkage effects may lead to misleading estimates of the proportion of adaptive substitutions and estimates of positive selection. These biases are caused by employing methods that do not account for local variation in the relative effective population size (N e ) caused by linked selection.
The main preoccupation in population genetics has been, and continues to be, how to account for 2 major aspects of evolution: 1) the maintenance of genetic variation within species and 2) the conversion of variation within species into variation between species. Despite major theoretical advances in this area during the first half of the 20th century that focused on the importance of Darwinian selection, the first molecular data obtained in the 1960s (Zuckerkandl and Pauling 1965; Harris 1966; Lewontin and Hubby 1966) stimulated the proposal of nonselective factors as a major evolutionary force governing the levels of variation within and between species, mostly associated with the consequences of mutation-drift equilibrium (Kimura 1968) . The straightforward prediction that follows from this view of evolution is that levels of polymorphism must be proportional to levels of divergence across genomes granted an equivalent divergence time. This comparison between levels of polymorphism and divergence is the theoretical foundation of various tests of natural selection where disparities in a polymorphism to divergence ratio across genomes can be used to infer selective events (Nielsen 2005) . Indeed, a positive correlation between levels of intraspecific DNA variation (or polymorphism) and rates of crossing over across the Drosophila melanogaster genome that is not observed for divergence rates revealed patterns of nonneutral evolution that strongly suggested recurring selective events rather than just isolated instances in a limited number of genes (Aguade et al. 1989; Begun and Aquadro 1992; Aguade and Langley 1994; Aquadro et al. 1994) . These studies established meiotic recombination rate as a major factor affecting levels of naturally occurring variation within species, stimulating new research (and revisiting previous work) with the primary focus on the interaction between selection and linkage.
and Robertson (1966) investigated the interaction between linkage and selection using 2-locus computer simulations. Their study revealed that the fixation probability of a beneficial mutation is reduced in the presence of a beneficial mutation segregating at a genetically ''linked'' locus. These results can be understood in terms of reduction in effectiveness of selection and are often described as equivalent to a reduction in effective population size (N e ) (Hill and Robertson 1966; Felsenstein 1974; Charlesworth et al. 1993; Kondrashov 1994; Barton 1995; Caballero and Santiago 1995; Otto and Barton 1997) . Computer simulation studies investigating fixation rates of beneficial and deleterious mutations confirmed the ''Hill-Robertson effect'' in the presence of complete (Felsenstein 1974) or partial linkage (Birky and Walsh 1988) and its main effect: selection at the genetic background results in a reduction in effectiveness of selection, decreasing the fixation rate of beneficial mutations and increasing the fixation rate of deleterious mutations. In addition, Birky and Walsh (1988) examined the case of linkage between selected and neutral mutations (both analytically and with computer simulations), demonstrating that the rate of fixation of neutral mutations remains unaffected by linked selection.
In his influential paper on the advantage of recombination, Felsenstein (1974) exposed the conceptual similarity between the Hill-Robertson effect and the classical FisherMuller theory of evolution of recombination or Muller's ratchet mechanism. Fisher (1930) and Muller (1932) viewed recombination as a mechanism that facilitates the incorporation of beneficial mutations from different individuals into the same genome leading to the increased rate of adaptive evolution. Muller (1964) suggested that in the absence of beneficial mutations, recombination would prevent the inevitable accumulation of deleterious mutations due to genetic drift (Muller's ratchet) . The advantage of recombination in both theories arises as a result of negative linkage disequilibrium (LD), a condition that must be met in order for recombination to be favored. This negative LD generated by random genetic drift is also an essential feature of the Hill-Robertson effect, under which mutations at different loci ''interfere'' with each other's fixation probability. The advantage of recombination in each of these cases is to break up negative LD that reduces interference between mutations and increases the effectiveness of selection.
The demonstration of the advantage of recombination in terms of fixation rates of advantageous and deleterious mutations (Felsenstein 1974; Barton 1995) was accompanied by the investigation of the fate of modifier alleles for increased recombination. Such modifiers of recombination have been shown to be favored under various conditions in the presence of either advantageous or deleterious mutations alone (Felsenstein and Yokoyama 1976; Otto and Barton 1997; Hey 1998; Barton and Otto 2005; Keightley and Otto 2006; Martin et al. 2006; Roze and Barton 2006) . The general conclusion of these studies is that the interference between mutations under selection embedded into the Hill-Robertson effect might provide a general explanation for the evolution of recombination in finite populations regardless of the type, source, and steadiness of selection.
It should be made clear that the Hill-Robertson effect is often equated to a reduction in N e because it provides a common theoretical foundation for the effects of different kinds of selection (Birky and Walsh 1988) , be it positive or negative, weak or strong, as well as for different evolutionary consequences that can be all associated with an increased effect of genetic drift (Hill and Robertson 1966; Felsenstein 1974 Felsenstein , 1988 . At neutral sites, a reduction in N e leads to reduction in polymorphism but not in rates of evolution; at sites under selection, a reduction in N e leads to both a reduction in polymorphism and reduction in the effectiveness of selection (change in the fixation rate). In agreement, there is a positive correlation between recombination rates across chromosomes and levels of polymorphism or effectiveness of selection in a number of species (Aguade et al. 1989; Begun and Aquadro 1992; Kliman and Hey 1993; Aguade and Langley 1994; Aquadro et al. 1994; Nachman 1997; Nachman et al. 1998; Comeron et al. 1999; Marais et al. 2001; Betancourt and Presgraves 2002; Hey and Kliman 2002; Betancourt et al. 2009 ). This reduction in N e caused by the interaction between selection and linkage, however, has to be understood as relative to the ''species'' N e that is influenced by species-specific factors such as inbreeding, unequal numbers of the 2 sexes, variance in mating success, temporal variation in population size, etc. In the presence of selection and linkage, the tighter the linkage the larger is the expected ''relative'' reduction in N e . Thus, it is important to stress that the analogy between the consequences of increased linkage and a reduction in N e (and effectiveness of selection) assumes an ''all else is equal'' that can only be attained when studying patterns across genomes (i.e., a relative change in N e ) and would be rarely proper when comparing different species or isolated populations.
Local Effects of Linked Selection
The general Hill-Robertson effect can produce detectable consequences at a genome-wide level, influencing many genes as described above. However, in regions with nonreduced recombination, Hill-Robertson effects can influence short distances, often at the scale of single genes, single exons, or even codon positions across the same exon. In this situation, selection can generate variation in relative N e across genomic regions as a consequence of changes in the number of sites under selection per physical unit even if the recombination rate is constant (Comeron and Kreitman 2002) . It is useful to keep the distinction between different kinds of linked selection when investigating Hill-Robertson effects because it emphasizes different causes (selection regimes) and quantitative consequences of reducing N e . In the following discussion, we will adhere to the following definitions of various kinds of linked selection that reflect the context in which these models were originally introduced. ''Hitchhiking'' (HH) (Maynard Smith and Haigh 1974)-mechanism of reduction in linked neutral intraspecific variation as a result of a spread and fixation of strongly advantageous mutations. ''Background selection'' (BGS) (Charlesworth et al. 1993 )-mechanism of reduction in linked neutral polymorphism as a result of elimination of strongly deleterious mutations. ''Interference selection'' (Hill and Robertson 1966 )-mechanism of reduction of effectiveness of selection as a result of segregation in a population of 2 or more linked mutations under selection.
Hitchhiking
The significance of the HH model as a process of reducing linked neutral polymorphism was first investigated by Maynard Smith and Haigh (1974) , who described the consequences of a beneficial mutation carrying along linked mutations while it increases in frequency in a population. As a result, linked variation is removed after fixation of the beneficial mutation (i.e., a ''selective sweep''). The magnitude of the reduction in linked neutral polymorphism depends on the frequency of beneficial mutations, the strength of selection, and the recombination rate (Maynard Smith and Haigh 1974; Kaplan et al. 1989; Stephan et al. 1992; Wiehe and Stephan 1993) . If strongly beneficial mutations appear at approximately the same rate in areas of low and high recombination, neutral variation is expected to be reduced to a greater extent in areas of low recombination, hence explaining the observed positive large-scale correlation between levels of neutral intraspecific variation and recombination rates. The consequences of recurrent selective sweeps removing extant variation can be also investigated in terms of increased drift and reduced N e (Gillespie 2000) .
The genomic size of the region affected by a HH event depends on the ratio of recombination rate to the selection coefficient. Notably, the fixation of a strongly advantageous mutation is expected to produce only local differences in levels of neutral variation in areas of moderate/high recombination rates. For example, a mutation under strong selection (s ; 0.001, N e s ; 1 Â 10 3 for Drosophila) will leave about 10% of variation 500 bp away from the selected site in areas with normal rate of recombination in D. melanogaster (Stephan et al. 1992; Fay and Wu 2000) . Mutations under weaker selection will produce less reduction in levels of neutral polymorphism near the selection target and recover to equilibrium values within even shorter distances. This means that in areas of high recombination, N e could vary across short distances, in the domain of single genes and adjacent regions, if beneficial mutations were frequent enough. Charlesworth et al. (1993) introduced the model known as BGS to explain a reduction in neutral variation associated with the persistent input of deleterious mutations. When a neutral mutation arises on chromosomes with deleterious mutations, it will be eliminated by natural selection and only the neutral mutations on chromosomes free of deleterious mutations are allowed to drift to detectable frequencies. That is, the number of mutation-free chromosomes determines the effective magnitude of genetic drift, describing a reduction in N e relative to the species N e . The effect of BGS depends on the recombination rate, the rate of deleterious mutations, and the selection coefficient of deleterious mutations, with increasing effects when recombination rates are reduced (Hudson and Kaplan 1995; Nordborg et al. 1996) . Early BGS studies focused on largescale effects and mostly investigated whether this mechanism could explain the observed positive correlation between recombination rates and levels of intraspecific variation.
Background Selection
Notably, the effect of selection altering N e in a BGS scenario does not necessarily increase with the strength of selection. For instance, weaker mutations remain as polymorphisms longer and thus have a stronger net effect reducing diversity of tightly linked neutral mutations (Nordborg et al. 1996) . In this regard, Loewe and Charlesworth (2007) have recently argued that if deleterious mutations with low selection intensities (but with N e s . 1) are frequent enough, then the possibility of very local effects of BGS on N e should not be dismissed. Using analytical predictions of the BGS model, these authors estimated variation in N e across single genes taking into account realistic values of mutation, recombination, and gene conversion rates for D. melanogaster. The results strongly suggest that BGS can also have very local effects on N e and explain, alone or in combination with weakly selected mutations (see below), gene-specific features.
Interference Selection
Within the last decade, the evolutionary and genomic consequences of interference selection have been examined in much detail, mostly by investigating weakly selected mutations (Comeron et al. 1999; McVean and Charlesworth 2000; Comeron and Kreitman 2002) . Synonymous mutations (mutations in coding regions that do not influence the encoded amino acid sequence) are a classic example of weakly selected mutations in many species, comprise a sizable fraction of all segregating mutations within coding regions, and are physically clustered, hence providing the conditions for interference to occur (Comeron et al. 1999 ). This class of mutations is particularly appropriate for the study of interference not only because it can contribute to local linkage effects but also because weakly selected mutations can provide information about slight changes in N e . Kliman and Hey (1993) were first to test the hypothesis that the relative effectiveness of selection varies across the same genome in association with changes in the rate of recombination. By analyzing the synonymous codon usage of 385 genes in D. melanogaster, Kliman and Hey (1993) showed a significant positive relationship between the magnitude of codon bias and the rate of meiotic recombination, suggesting increased efficacy of selection acting at the level of translation speed/accuracy at genes located in highly recombining regions. Recombination rates, however, influence genes encoding proteins with different length to a different degree, with genes with long coding sequences showing reduced codon bias for any given recombination rate (Comeron et al. 1999) . On the basis of this observation, Comeron and Kreitman suggested that interference between weakly selected sites could account for some gene-specific features, with the length of the coding sequence and intron-exon structures playing detectable roles influencing the effectiveness of selection. This proposal has been now supported by a number of computer simulation studies demonstrating that interference between weakly selected sites can generate differences in local evolutionary and genomic patterns among genes ( Comeron et al. 2008) . In particular, the length of the coding sequence has been since acknowledged to be a factor contributing to observed differences in evolutionary patterns among genes in Drosophila, including variation in codon bias and rates of synonymous and nonsynonymous evolution (Powell and Moriyama 1997; Comeron et al. 1999; Duret and Mouchiroud 1999; Comeron and Guthrie 2005; Larracuente et al. 2008) .
These simulation studies show that an increase in recombination rates decreases interference, but its effects on polymorphism and divergence levels are detectable even with the highest recombination rate (for Drosophila species), particularly when the number of sites under selection is large (McVean and Charlesworth 2000; Comeron and Kreitman 2002) . In these latter cases, local interference and its evolutionary consequences varies across the region under selection and can extend into adjacent neutral sites. This prediction is congruent with estimates of selection at synonymous sites across exons in Drosophila showing reduced selection in the center of long exons (Comeron and Guthrie 2005) . If this reduction is in fact caused by interference, the effect of which depends on tight linkage between sites under selection of the same gene, it follows that the effectiveness of selection in the center of a coding region would increase if such linkage could be reduced. Local interference therefore could have genomic effects with introns functioning as modifiers of recombination, reducing the interference between selected mutations from adjacent exons (Comeron and Kreitman 2000, 2002) . Note that this prediction does not require introns to be fully neutral, only to be under weaker selection than exons.
Simulation results as well as genomic analyses of codon bias, comparing intronless genes and genes with centrally located introns, show that intron presence is accompanied by an increased effectiveness of selection in the middle of the coding sequence in Drosophila (Comeron and Kreitman 2002) . Thus, local interference can play a role in shaping population as well as genomic features, adding an additional twist to the debate on intron origin and evolution.
Consequences of Local Variation in N e for Estimates of Selection and the Proportion of Adaptive Substitutions
One of the important results of the studies reviewed above is the existence of very local effects of linked selection on neutral variation in genomic areas with normal and high recombination. No matter what kind of selection operates, intraspecific variation (including neutral variation) adjacent to sites under selection will be reduced, recovering to original levels within short physical distances. If we imagine neutral sites embedded into a coding sequence, linkage effects are expected to alter the relative N e at these sites across the entire area with the largest reduction at the neutral sites that are centrally positioned relative to region under selection. Neutral sites adjacent to this region are also predicted to be influenced by linkage effects. Figure 1 shows the results of forward computer simulations aimed to investigate local variation in N e by following levels of neutral nucleotide polymorphism (h) across coding sequences and adjacent neutral regions. For this study, we focused on different selection regimes and assumed the highest recombination rates estimated for D. melanogaster to reduce linkage effects (see Figure 1 legend for details). Under these conditions, neutral variation is reduced by up to 25% (relative to levels of variation expected in the absence of selection) by BGS alone ( Figure 1A ,B) and up to 45% when both deleterious and advantageous mutations are present ( Figure 1C,D) . Interestingly, a pattern of variation in relative N e along the sequences is observed with high recombination, although the magnitude of reduction depends on the number of sites under selection, the kind of selection, and the distance from sites under selection.
Because levels of neutral divergence are mostly unaffected by linked selection (unless when comparing very closely related species and always to a lesser degree than levels of neutral polymorphism [Hilton et al. 1994] ), ratios of polymorphism to divergence (r pd ) at neutral sites will also vary across the entire region (Comeron and Kreitman 2002) . This is significant because the comparison of polymorphism to divergence ratios between neutral and putatively selected sites forms the basis of the widely used McDonaldKreitman test (McDonald and Kreitman 1991a; Sawyer and Hartl 1992) . This test was originally proposed to detect the presence of adaptive substitutions in protein sequences but has been more recently used to estimate the fraction of mutations driven to fixation by positive selection (a) or the average strength of selection (c; c 5 4N e s) (Sawyer and Hartl 1992; Bustamante et al. 2002; Fay et al. 2002; Smith and Eyre-Walker 2002; Bierne and Eyre-Walker 2004) .
The application of McDonald-Kreitman test requires polymorphism and divergence data for 2 classes of sites: r pd at neutral sites is used as reference to assess the action of selection at sites putatively under selection. The presence of selection is detected when r pd-neutral 6 ¼ r pd-under study , and reduced r pd at the region under study relative to neutral sites suggests the presence of positive selection associated with an excess of divergence. For instance, the application of this McDonald-Kreitman framework to the study of noncoding DNA has revealed a high fraction of adaptive substitutions in introns and intergenic regions (20%) and in untranslated regions (60%) (Kohn et al. 2004; Andolfatto 2005; Bachtrog 2008; Haddrill et al. 2008; Sella et al. 2009 ).
These estimates of a, however, rely on independence between mutations, an assumption that does not necessarily hold in the presence of selection even in areas of high recombination (see above). Within putatively selected regions there can be neutral sites as well as sites under selection and, in the absence of independence between mutations, these neutral sites will be affected by linkage effects with lower polymorphism and r pd . That is, neutral sites linked to sites under selection will appear to evolve under positive selection in comparison to neutral sites that are not affected by linked selection (r pd-linked_neutral , r pd-neutral ).
Notice that this particular problem is not a matter of concern for the original, single locus McDonald-Kreitman framework when the 2 classes of sites (nonsynonymous and synonymous) are fully intermingled and have the same coalescent time and relative N e Kreitman 1991a, 1991b) , whether they are affected by linked selection Figure 1 . Local variation in neutral polymorphism levels (h w ) in the presence of linked selection based on multilocus forward computer simulations. Simulations follow a Wright-Fisher model with a population size of N 5 100 diploid individuals subject to mutation, recombination, and selection. Every chromosome consists of L number of sites, with a variable fraction of sites evolving under neutral, positive, or negative selection. Each generation, the total number of mutations, and recombination events are drawn from a Poisson distribution with mean 2NlL and NrL, respectively, where l is the mutation rate per site per generation and r is the recombination rate between adjacent sites per generation. To prevent overestimating linkage effects, we report results based on very high levels of recombination (Nr 5 0.1). We assume semidominant selection and multiplicative fitness over sites. Each new generation is obtained by randomly choosing N diploid individuals with the probability proportional to their relative fitness in the population. After reaching equilibrium, neutral polymorphism levels were estimated based on randomly chosen 10 chromosomes sampled every N generations. or not. Linked selection, however, can have detectable consequences when a McDonald-Kreitman framework is used to estimate the proportion of adaptive substitutions (a) in genomic regions where the sites used as neutral and the sites under study are spatially separated. In this case, linked selection can affect neutral polymorphism of the 2 regions differently, generating different r pd for neutral sites used as neutral standard and neutral sites within the region of interest. Figure 2 shows estimates of the proportion of adaptive substitutions (a) based on simulations mimicking 2 types of noncoding regions: one noncoding region contains a combination of neutral sites and sites under negative selection (Figure 2 ; region A with BGS) and the other contains a combination of neutral sites, sites subject to negative selection, and sites subject to positive selection (Figure 2 ; region B with BGS þ HH). The results show that positive estimates of a are obtained under some conditions for region A (which contains 33% of sites with c 5 À100) depending on what sites are used as a neutral standardeven in the complete absence of any site under positive selection. For region B (which contains 33% of sites with c 5 À100 and 1% of sites with c 5 100), we obtain consistent overestimates of the proportion of adaptive substitutions. Under the conditions investigated here, estimates of a when positive selection is present are overestimated by 35-50%, depending on whether the used ''neutral'' standard is represented by 1) true neutral and independent sites, 2) neutral third codon positions from simulated coding regions, or 3) weakly selected third codon positions from simulated coding regions (see Figure 2 legend for details). Estimates of selection (c) follow the trends observed for a (Williford and Comeron, unpublished data).
Two further points can be emphasized in relation to the results presented above. First, as shown in Figure 1 , the reduction in r pd at neutral sites (possibly suggesting the signature of positive selection) is most extreme when these sites are adjacent to regions under pervasive selection, pointing out possible general biases when analyzing noncoding sequences adjacent to exons. Second, the extent to which the reference neutral sites are themselves affected by selection both directly (e.g., selection at synonymous sites) and/or indirectly (linked selection) will affect estimates of selection and a. When sites used as a reference are more affected by linked selection than variable sites in the region of interest (as might be the case if synonymous sites taken from genes subject to positive selection are used as reference and compared with adjacent noncoding regions), a at these regions is likely to be underestimated. So estimates of a would benefit from comparing classes of sites from the same gene and its adjacent sequences. Conversely, attempts to use sites that are both neutral and (mostly) free of linkage effects (e.g., distant intergenic regions or pseudogenes) are expected to produce consistent overestimates of a.
Given numerous studies concluding pervasive positive selection in both coding and noncoding DNA (reviewed in Sella et al. 2009 ) and the fact that all biological systems have limited recombination, local linkage effects are almost unavoidable. Our simulation results suggest that estimates of the fraction of adaptive substitutions and estimates of the magnitude of selection might be compromised by employing methods that do not account for the variation in relative N e caused by linked selection, even in regions with nonreduced recombination. Figure 2 . Estimates of the proportion of adaptive substitutions (a) at noncoding regions. Noncoding region A (dark gray bars) contains 33% deleterious sites with c 5 À100 (BGS only). Noncoding region B (light gray bars) contains 33% deleterious sites (c 5 À100) together with 1% advantageous sites (c 5 100) (BGS þ HH). Estimates of a for regions A and B are obtained using either true neutral and independent sites or third codon positions as neutral standard. To explore the possible influence of selection at synonymous sites, we study third positions that are either neutral (c 5 0) or under weak selection (c 5 2), whereas the rest (66%) of sites in coding regions are assumed deleterious (c 5 À100). Error bars for estimates of a indicate 90% confidence intervals obtained by bootstrapping to mimic error bars associated with the analysis of 100 regions. We estimate the proportion of sites fixed by positive selection (a) following Smith and Eyre-Walker (2002) using polymorphism (P) and divergence (D) values from simulations, with a 5 1 À Dneut Â Pinterest Dinterest Â Pneut (bars). We also obtain a directly from the simulations by counting the actual fraction of mutations driven to fixation by positive selection (dashed line within each bar for region B). Simulations are performed as described in the legend for Figure 1 . Coding regions (L 5 500 bp) from which third codon positions are chosen as neutral standard are simulated independently from noncoding regions A or B (L 5 500 bp).
Conclusions
There is now no doubt that natural selection influences levels of intraspecific variation and rates of evolution across genomes. The precise contribution of negative, positive, or weak selection to overall patterns of polymorphism and divergence is less clear (Andolfatto 2001; Payseur and Nachman 2002) . Initial explanations of the observed patterns of codon bias and gene structure based on the interference between weakly selected mutations are now expanded with the possibility that BGS and/or strongly beneficial mutations can account for the data as well, with both large-scale and local consequences of linked selection.
As we have suggested here, local linkage effects might have detectable consequences for the estimates of selection and the fraction of adaptive substitutions under a number of selective scenarios. In the presence of pervasive selection, there might be very few cases to which the assumption of independence between sites, embedded in most proposed models to quantify the prevalence of selection, might be accepted as correct.
